ABSTRACT BACKGROUND: The aim of this study was to determine if levetiracetam (LEV) is neuroprotective in neonatal rats with hypoxic-ischemic brain injury (HIBI). METHODS: The study included 7-d-old male Wistar rats that were randomly divided into the LEV400, LEV800, control, and sham groups. All the rats, except those in the sham group, underwent ligation of the carotid artery and were then kept in a hypoxic chamber containing 8% oxygen for 2 h. At the end of the hypoxic period the rats in the control group were administered saline solution 0.5 mL, the rats in the LEV400 group were administered LEV 400 mg.kg -1 , and rats in the LEV800 group were administered LEV 800 mg.kg -1 via the intraperitoneal route. The terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) method was used to evaluate neuronal apoptosis in the rats. The Morris Water Maze (MWM) test was performed at age 14 weeks in order to evaluate cognitive function. RESULTS: The number of apoptotic neurons in the right hemispheres was signifi cantly lower in the sham, LEV400, and LEV800 groups than in the control group (p < 0.001, p < 0.001, and p < 0.001, respectively). In addition, the number of apoptotic neurons in the right hemispheres was signifi cantly lower in the LEV800 group than in the LEV400 group (p = 0.001). Platform fi nding time (PFT) during MWM testing was signifi cantly shorter in the sham and LEV800 groups on d 4 than on d 1 (p = 0.001 and p = 0.006, respectively); however, PFT did not signifi cantly change between d 1 and d 4 in the control or LEV400 groups (p = 0.91 and p = 0.096, respectively). CONCLUSION: Based on the present fi ndings, LEV exhibited a dose-dependent neuroprotective effect in neonatal rats with HIBI (Ref. 27). Text in PDF www.elis.sk.
Introduction
Hypoxic-ischemic encephalopathy (HIE) is the leading cause of neonatal disability and mortality (1) . Approximately 20-30 % of new-borns with HIE die after birth and almost 50 % of those that survive do so with a signifi cant disability, such as cerebral palsy and mental retardation (2, 3) . Currently, therapeutic hypothermia (TH) is routinely used to treat moderate-severe HIE (4) . Unfortunately, TH is not adequately effective in all new-borns with HIE, as a very high percentage of new-borns with HIE develop disabilities despite of the use of TH (5) . As such, new treatment methods are required for HIE that are used alone or in combination with TH (4).
New-borns with HIE frequently suffer from seizures (6) and conventional antiepileptic drugs (AEDs), such as: phenobarbital, phenytoin, and benzodiazepines, are used to treat such seizures (7) . Some clinicians think that conventional AEDs can have negative effects on the development of the nervous system (7) based on fi ndings indicating that conventional AEDs cause neuronal apoptosis and neurodegeneration in the immature brain and impair cognitive functions (8, 9) . Animal studies on the novel antiepileptic drug levetiracetam (LEV) did not observe such neurodegenerative effects (10, 11) . Furthermore, LEV administered at doses beyond the therapeutic range did not increase apoptotic neuron numbers (12) , LEV was reported to have a positive effect on neurodevelopmental, in contrast to conventional AEDs (7).
Due to its intriguing characteristics, some have begun to use LEV for the treatment of hypoxic-ischemic brain injury (HIBI) and several experimental studies on LEV for the treatment of HIBI have been conducted (13) (14) (15) . One study reported that LEV signifi cantly decreased apoptotic neuron numbers in a neonatal rat model of HIBI (13) . Another study reported that LEV signifi cantly decreased apoptotic neuron numbers and improved cognitive functions in a neonatal rat model of HIBI (14) . In contrast to these 2 studies that indicate the positive effects of LEV in a neonatal rat model of HIBI, another study reported that LEV did not have a neuroprotective effect in a neonatal animal model of HIBI (15) .
Based on the current literature, the neuroprotective effect of LEV on HIBI remains unclear. The present study, therefore, aimed to determine if high-dose LEV has a neuroprotective effect in neonatal rats with HIBI.
Methods

Study design and animals
This randomized, controlled animal study included neonatal male Wistar rats aged 7 d. The study was conducted at Mersin University, School of Medicine, Experimental Animals Research Laboratory and Physiology Behavior Laboratory, Mersin, Turkey. The Mersin University Animal Experiments Ethics Committee approved the study protocol.
Experimental groups and hypoxia-ischemia model
The rats (n = 64) were randomly divided into 4 equally sized groups: LEV400, LEV800, control, and sham. The neonatal rats received halothane inhalation anaesthesia for < 5 min, and then HIBI was induced according to the Levine-Rice model (16) . In all rats, except those in sham group, the right carotid artery was tied with 6.0 silk sutures, followed by exposure to hypoxia for 2 h in a hypoxia chamber containing 8 % oxygen and 92 % nitrogen, and then administration of treatment according to group: LEV400 group (n = 16): The rats received LEV 400 mg.kg -1 dissolved in saline via the intraperitoneal route immediately after hypoxia; LEV800 group (n = 16): The rats received LEV 800 mg.kg -1 dissolved in saline via the intraperitoneal route immediately after hypoxia; Control group (n = 16): The rats received saline 0.5 mL via the intraperitoneal route immediately after hypoxia;
Sham group (n = 16): Following neck dissection, the right carotid artery was located but not tied and hypoxia was not induced.
Post treatment, all of the rats were placed with their mother for a 2-h recovery period. Following the recovery period, 8 rats from each group were euthanized via cervical dislocation and decapitated. Brains were removed for analysis of neuronal apoptosis using the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) method. The remaining rats underwent Morris Water Maze (MWM) testing at age 14 weeks.
Histopathological evaluation
Rat brains were examined by a pathologist blinded to which carotid artery was tied and to the treatment groups. From each euthanized rat, 1-2 samples were obtained from the subthalamic nucleus, hippocampus, and parietal cortex. The TUNEL method (in situ apoptosis detection kit, Biogen, catalog no. S7101) was used to detect neuronal DNA fragmentation.
TUNEL method and evaluation of apoptosis
Coronal brain sections 5 mm thick were deparaffi nised and treated with alcohol, and then incubated with protein kinase K at room temperature for 15 min. Next, endogen peroxidase activity was extinguished using 2 % H 2 O 2 , and then the slices were incubated at 37 °C for 60 min in a moist chamber with 50 μL of TdT buffer. Lastly, streptavidin-biotin-peroxidase complex and diaminobenzidine were used to render the reaction visible. TUNEL-labeled slides were counter stained with 1 % methyl green. Apoptotic neurons in subthalamic nucleus, hippocampus, and parietal cortex samples obtained from both the right and left hemispheres were enumerated. Total TUNEL-positive stained neurons were calculated via light microscopy in 5 high-power fi elds (5 ´ 400) to evaluate numeric density.
MWM test
Learning and memory were evaluated via standard MWM testing (17) . When the rats were aged 14 weeks, MWM testing for 5 d was performed. Two d before starting MWM testing, the rats were brought to the behavioural experiments laboratory for habituation. Water at 22 °C was used to fi ll a tank 42 cm deep. The same investigator placed the rats in the tank during all MWM tests. In all groups, MWM testing was performed between 0900 and 1400. The tank was divided into 4 equal quadrants (west, north, east, and south) and its image was transmitted to a computer screen. On d 1-4 of MWM testing a 15-cm diameter platform was placed in the middle of the east quadrant and adjusted to a height of 40 cm, so that it could not be observed from outside the tank. On d 1 of the experiment, all rats were placed in the water once in each quadrant, starting from the west quadrant and proceeding clockwise to the other 3, with their heads turned toward the wall of the water maze. On each successive d (d 2-4) of the experiment, the rats were placed fi rst in the north, east, and then south quadrant.
When the rats were dropped into the water they were expected to fi nd the hidden platform in the east quadrant within 60 s. Rats that could not locate the platform within 60 s were guided by hand to the platform and kept there for 15 s. Platform fi nding time (PFT) was recorded for each d/starting quadrant. On d 5 of the experiment, the hidden platform in the east quadrant was removed, and then all rats were dropped into the water in the west quadrant and were kept in the water for 60 s, and time (s) spent in the east quadrant (which previously contained the platform) was recorded.
Statistical analysis
Data were analysed using SPSS v.11.5 for Windows (SPSS, Inc., Chicago IL.). The normality of the distribution of continuous variables was determined via the Shapiro-Wilk test. Differences between measurements on d 1, 2, 3, and 4 in each group were determined using variance analysis, which was also used to identify inter-group differences, Levene's test was used to determine the homogeneity of variances. When variance was homogenous, oneway ANOVA was used, and the Welch test was used when it was not homogenous. One-way ANOVA and the Welch tests were also used to analyse inter-group differences in time spent in the east quadrant on d 5. Tukey's and Games-Howell tests were used for paired comparisons. The paired samples t test was used to identify differences between left and right hemisphere apoptotic neuron counts within each group. Inter-group differences between right and left hemisphere measurements were determined via one-way ANOVA and the Welch test. Descriptive statistics are shown as the mean ± SD. The level of statistical signifi cance was set at p < 0.05.
Results
Overall, 2 of the 64 rats included in the study died during administration of hypoxia (1 from the control group and 1 from the LEV400 group). In total, 32 rats were euthanized and decapitated for assessment of neuronal apoptosis. The remaining 30 rats underwent MWM testing at age 14 weeks (8 in the sham group, 7 in the control group, 7 in the LEV400 group, and 8 in the LEV800 group).
Neuronal apoptosis
There were signifi cantly more apoptotic neurons in the right hemispheres than in the left hemispheres in the control group, LEV400, and LEV800 groups (p < 0.001, p < 0.001, and p < 0.001, respectively). The number of apoptotic neurons in the right hemispheres in the sham, LEV400, and LEV800 groups was signifi cantly lower than in the control group (p < 0.001, p < 0.001, and p < 0.001, respectively). The right hemisphere apoptotic neuron count in the sham group was signifi cantly lower than in the LEV400 and LEV800 groups (p < 0.001 and p < 0.003, respectively). Furthermore, the right hemisphere apoptotic neuron count in the LEV800 group was signifi cantly lower than in the LEV400 group (p = 0.001). The left hemisphere apoptotic neuron count in the sham group, LEV400 group, and LEV800 group was significantly lower than in the control group (p < 0.001, p = 0.001 and p < 0.001 respectively). The left hemisphere apoptotic neuron count did not differ signifi cantly between the sham, LEV400, and LEV800 groups (p = 0.377, p = 1.000, and p = 0.613, respectively).
MWM test
There weren't any signifi cant differences in PFT on d 1 between the 4 groups (p > 0.05). On d 2, PFT was signifi cantly shorter in the sham and LEV800 groups than in the control group (p < 0.001 and p = 0.013, respectively). PFT on d 3 and d 4 was significantly shorter in the sham and LEV800 groups than in the control group. PFT was signifi cantly shorter on d 4 than on d 1 in the sham and LEV800 groups (p = 0.001 and p = 0.006, respectively), but not in the control group or LEV400 group (p = 0.091 and p = 0.096, respectively). Mean time spent in the east quadrant on d 5 was 17.3 ± 6.7 s in the control group, versus 26.0 ± 5.9 s in the sham group, 20.8 ± 9.7 s in the LEV800 group, and 19.9 ± 9.1 s in the LEV400 group. There weren't any signifi cant differences in time spent in the east quadrant on d 5 between the 4 groups (p > 0.05).
Discussion
Seizures are not the only clinical symptom in new-borns with HIE, but such seizures exacerbate existing brain damage (18) . Effi cient treatment of seizures is therefore important in new-borns with HIE (19) . Although LEV is not yet approved for the treatment of seizures in new-borns, it is frequently used as such off-label (20) . In contrast to conventional AEDs, LEV is reportedly not neurotoxic, making it an attractive option for clinicians (12, 21) .
Manthey et al (21) reported that LEV was not neurotoxic when administered via the intraperitoneal route to 7-d-old rats in similar therapeutic doses in humans (5, 10, 25, 50, and 100 mg.kg -1 ). Kim et al (12) reported that they didn't observe neuronal apoptosis associated with LEV administered via the intraperitoneal route to 7-d-old rats at higher than therapeutic doses (250, 1000, and 1500 mg.kg -1 ). Similarly, in the present study, there wasn't an increase in neuronal apoptosis in response to high-dose LEV (400 and 800 mg.kg -1 ). In addition to the lack of neurotoxicity, LEV is an attractive treatment option because of its reported neuroprotective effects (22) . Hanin and Klitgaard (11) showed that intraperitoneal administration of LEV in an adult rat model of middle cerebral artery occlusion reduced infarct volume in a dose-dependent manner. Zou et al (23) (24) reported a signifi cant reduction in the duration of seizures and in neuronal loss in 40-d-old rats with kainic acid-induced seizures that were pre-treated with LEV, as compared to rats not pre-treated with LEV. Despite a different study design, the present fi ndings are in agreement with those of earlier studies. In the present study, intraperitoneal LEV administration resulted in a signifi cant decrease in neuronal apoptosis and signifi cant improvement in cognitive test fi ndings.
Following reports of the neuroprotective effects of LEV and several subsequent experimental studies, many researchers have begun to wonder if LEV could be useful in treating neonatal HIBI (13) (14) (15) ) after a hypoxic period in 7-d-old rats with HIBI, and observed that LEV signifi cantly decreased neuronal apoptosis in a dose-dependent manner and signifi cantly improved cognitive function. In contrast, Griesmaier et al (15) did not observe that LEV was neuroprotective in a neonatal rat model of HIBI, but noted that LEV further exacerbated brain damage under normothermic conditions.
In the present study, higher doses of LEV than previously studied (400 and 800 mg.kg -1 ) were administered in a neonatal rat model of HIBI, based on earlier reports of a dose-dependent neuroprotective effect (14) and because numerous animal studies did not report toxic effects at LEV dose of 1000-1500 mg.kg -1 (12) . As reported by Kilicdag et al (13) and Komur et al (14) , LEV was observed to be neuroprotective in the present study's neonatal rats with HIBI. In the present study, LEV signifi cantly decreased neuronal apoptosis and resulted in a signifi cant improvement in cognitive function. In addition, the neuroprotective effect of LEV was higher at 800 mg.kg -1 than at 400 mg.kg -1 . Nonetheless, the present fi ndings are not in agreement with those of Griesmaier et al. (15) , which might be because of differences in the LEV dosage and the timing of administration. In the present study, LEV was administered immediately after hypoxia, whereas Griesmaier et al initiated LEV treatment 2 h after hypoxia. In addition, in the present study a single high dose of LEV (400 or 800 mg.kg -1 ) was administered, whereas Griesmaier et al administered a low dose of LEV (50 mg.kg -1 b.i.d.) for 3 d. The present study's limitation is that the mechanism of action of LEV's observed neuroprotective effect was not discerned; however, earlier studies suggested that LEV's neuroprotective effect is via various pathways (13, 14, 25) . In experimental studies, LEV prevented neonatal seizures and neuronal loss associated with these seizures (24) . One of the mechanisms underlying LEV's neuroprotective effect could be its antiepileptic activity. In addition, several studies suggested that LEV inhibited glutamate transmission (26) , exhibited anti-infl ammatory activity (23) , inhibited production of free radicals (14) , and increased antioxidant enzyme levels (14, 27 ). LEV's neuroprotective effect observed in the present neonatal rat model of HIBI might have been via ≥1 of these mechanisms.
Conclusion
The present fi ndings indicate that LEV is neuroprotective in neonatal rats with HIBI. Based on these fi ndings, we think that LEV could be useful in the treatment of neonatal HIBI; however, additional research is needed to further clarify the neuroprotective effect of LEV and to discern its mechanism/s of action.
